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; ABSTRACT 

, We present Swift observations of the black hole X-ray transient, GRO J1655— 40, dur- 

■ ing the recent outburst. With its multiwavelength capabilities and flexible scheduling, 
t-H ' Swift is extremely well-suited for monitoring the spectral evolution of such an event. 

. GRO J1655— 40 was observed on 20 occasions and data were obtained by all instru- 

■ ments for the majority of epochs. X-ray spectroscopy revealed spectral shapes consis- 
^ (— I tent with the "canonical" low/hard, high/soft and very high states at various epochs. 

O The soft X-ray source (0.3-10 keV) rose from quiescence and entered the low/hard 

I ' state, when an iron emission line was detected. The soft X-ray source then softened 

and decayed, before beginning a slow rebrightening and then spending ~ 3 weeks in 
the very high state. The hard X-rays (14-150 keV) behaved similarly but their peaks 
preceded those of the soft X-rays by up to a few days; in addition, the average hard 
X-ray flux remained approximately constant during the slow soft X-ray rebrighten- 
ing, increasing suddenly as the source entered the very high state. These observations 
indicate (and confirm previous suggestions) that the low/hard state is key to improv- 
ing our understanding of the outburst trigger and mechanism. The optical/ultraviolet 
lightcurve behaved very differently from that of the X-rays; this might suggest that the 
soft X-ray lightcurve is actually a composite of the two known spectral components, 
one gradually increasing with the optical/ultraviolet emission (accretion disc) and the 
other following the behaviour of the hard X-rays (jet and/or corona). 

Key words: stars: individual: GRO J1655— 40 — accretion, accretion discs — X-rays: 
binaries 



1 INTRODUCTION 

Swift (Gehrels et al. 2004) was launched on 2004 Novem- 
ber 20 and, with its large field of view and rapid triggering 
ability, is a satellite dedicated to the detection and follow- 
up of gamma-ray bursts. The Burst Alert Telescope (BAT; 
Barthelmy et al. 2005) operates at 14-150 keV, has a 2- 
steradian field of view and provides the trigger informa- 
tion. Once a trigger is generated by the BAT, the space- 
craft then slews within a few tens of seconds to point the 
X-ray Telescope (XRT; Burrows et al. 2005) and the Ultravi- 
olet/Optical Telescope (UVOT; Roming et al. 2005) towards 
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the region of interest, thereby providing broad-band spec- 
tral coverage of any detected gamma-ray burst. The XRT 
operates at 0.3-10.0 keV. The UVOT obtains photometry 
through three optical and three ultraviolet filters, as well as 
optical and ultraviolet grism spectra. 

The multi- wavelength aspect to Swift is also extremely 
valuable for the study of other objects, including black hole 
X-ray transients which are known to exhibit very differ- 
ent behaviour in each of the various frequency regimes. We 
would typically expect to detect optical light from the com- 
panion star and the accretion disc, and ultraviolet from the 
irradiated face of the companion star and the accretion disc. 
Emission in the infra-red is expected from the star and the 
jet. We further detect radio emission from the jet and X- 
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rays from the accretion disc, Comptonising corona and/or 
jet (see e.g. McClintock & Remillard 2005; Fender 2005). 
Therefore multiwavelength studies are not just preferable, 
but are actually vital to our understanding of the outbursts 
which take place. 

Black hole X-ray transient outbursts are known to pass 
through a number of X-ray spectral states over the course 
of their outbursts; these spectral states are also associated 
with specific jet behaviour (van der Klis 2005; McClintock 
& Remillard 2005; Fender 2005; Homan & Belloni 2005). 
Brocksopp et al. (2002a, 2004) emphasized the importance 
of the initial low/hard state and the necessity of observ- 
ing the onset of the outburst if we are ever to understand 
the mechanism by which these outbursts take place. The 
rapid trigger and Target of Opportunity capabilities of Swift 
make it ideal for detection and/or follow-up of any transient 
event, particularly those taking place at hard X-ray ener- 
gies. Therefore, since a period of low/hard state behaviour 
has been observed at the onset of every black hole tran- 
sient outburst for which data were available (Brocksopp et 
al. 2002a), the BAT is much better suited to early observa- 
tion of these events than the only other currently available 
All Sky Monitor on-board the Rossi X-ray Timing Explorer 
RXTE. 

GRO J1655— 40 is one such X-ray transient which was 
first discovered in 1994 July when it entered an outburst 
and was detected at 20-100 keV by the Burst and Tran- 
sient Source Experiment (BATSE) on-board the Compton 
Gamma Ray Observatory (CGRO) (Harmon et al. 1995). 
The sequence of hard X-ray outbursts that followed was 
well-correlated with the radio observations obtained at the 
Very Large Array (VLA) (Harmon et al. 1995) but this first 
outburst of GRO J 1655— 40 was particularly notable for the 
discovery of radio jets travelling with apparent superlumi- 
nal motion (Tingay et al. 1995). This was later confirmed 
by Hjellming & Rupen (1995) who studied the episodic ejec- 
tion nature of the jets; later re-analysis of radio data from 
the 1994 August-September outbursts revealed 10% linear 
polarization, confirming the synchrotron nature of the jets 
(Hannikainen et al 2000). While GRS 1915+105 had been 
the first Galactic object to show this phenomenon (Mirabel 
& Rodriguez 1994; Fender & Belloni 2004), its high extinc- 
tion made optical study very difficult; thus a second source 
with jet velocity > 0.9c was very welcome. 

Optical study of GRO J1655— 40 was much more 
straightforward than of GRS 1915+105 and a counterpart 
was detected at V ~ 14.4 magnitudes by Bailyn et al. (1995). 
Study of older photographic plates showed that there had 
been a rise of ~ 3 magnitudes above quiescence. The optical 
counterpart had fluxes and orbital parameters comparable 
with those of other black hole candidates; Orosz & Bailyn 
(1997) later obtained an orbital period of 2.6 days and a 
mass for the compact object of 7.0 M , confirming its black 
hole nature, and a mass for the companion star of 2.3 Mq 
(but see also Beer & Podsiadlowski 2002). 

Zhang et al. (1997) presented a broad-band X-ray 
spectrum for the 1995 July- August outburst, compil- 
ing simultaneous data from ASCA, Granat/ WATCH and 
CGRO/BATSE and thereby spanning 1 keV - 2 MeV. The 
spectrum was described using a multi-colour disc model and 
higher energy power-law. Additional ASCA spectra revealed 



the presence of absorption features at 6.63 and 6.95 keV, 
consistent with highly ionized iron lines (Ueda et al. 1998). 

The sequence of episodic outbursts continued into 1995, 
totalling at least five separate peaks (although see also Han- 
nikainen et al. 2000), but interestingly the later X-ray peaks 
were not accompanied by radio ejections (Tavani et al. 1996). 
The source then returned to a quiescent state from late 1995 
until early 1996 when a new outburst took place. The then 
new RXTE monitored the 2-10 keV X-rays; the lightcurve 
rather surprisingly reached a plateau while the optical de- 
cayed, contrary to the more correlated behaviour expected 
(Orosz et al. 1997, Hynes et al. 1998). 

Since this last outburst, the source has remained in qui- 
escence until 2005 February 17 when an increase in X-ray 
flux was detected by RXTE/PCA (Markwardt & Swank 
2005). As the outburst evolved, the X-ray spectrum was seen 
to pass through various X-ray spectral states (e.g. Mark- 
wardt et al. 2005, Homan 2005) and a variable radio source 
was detected, initially with a flat spectrum as expected for 
a jet associated with the low/hard state (e.g. Rupen et al. 
2005a, b, c; Brocksopp et al. in prep.). 

GRO J1655— 40 is the first black hole X-ray transient 
to have been monitored by Swift. In this paper we present 
results from all three of the Swift instruments, both individ- 
ually and combined together as a single broad-band dataset. 



2 OBSERVATIONS 

Swift observed GRO J1655— 40 on 20 occasions between 
2005 March 6 and June 23, in addition to more continuous 
monitoring by the BAT. Most pointed observations obtained 
data with all three instruments, details of which are listed 
in Tables 1, 2. 3, and 5. 

2.1 Burst Alert Telescope 

The BAT data were reduced using the standard Swift soft- 
ware and the resultant spectra were fit using XSPEC (Ar- 
naud et al. 1996). The BAT dataset for GRO J1655-40 is 
more extensive than that of the XRT or UVOT since the 
BAT can observe the source when it is significantly off-axis. 
BAT data were accumulated for all observations in which 
GRO J1655— 40 was sufficiently close to the field centre that 
it illuminated at least ~ 10% of the BAT detectors. This cor- 
responds to ~ 38° from the centre in the short direction and 
~ 55° in the long direction of the approximately rectangular 
BAT field of view. The count-rate was determined from the 
sky images by subtracting an annular background and fit- 
ting the BAT point spread function (PSF). The BAT PSF is 
approximated by a two-dimensional pyramidal frustum with 
a square base and full width half maximum 22.45' (the BAT 
angular resolution) and top width 2.75'. The background 
size is constant in the sky image tangent plane and, at the 
field centre, has diameters of 1.6° (inner) and 7.4° (outer); 
this restricts the background to a local region of the sky 
while eliminating source counts. 

Before performing spectral analysis a number of correc- 
tions were made to the raw BAT survey detector plane his- 
tograms. Firstly, the histograms were rebinned in energy to 
correct a small residual inaccuracy, arising from the way the 
histograms are created on-board the instrument. Secondly, 
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Table 1. Details of the XRT observations. The columns list the observation ID number, the associated modified Julian date, the start 
date and time of the XRT observations, the net exposure time, the observing mode and the background-subtracted count rate detected 
in the 0.7-9.6 keV range (with standard deviation in brackets). 
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Table 2. UVOT Photometry in the six filters; units are magnitudes, errors are la statistical errors (determined from the number of 
counts in the sky aperture). Central wavelengths for the filters are: V (5460 A), B (4350 A), U (3450 A), UVWl (2600 A), C/VM2 (2200 A) 
and UVW2 (1930 A). UV "magnitudes" are defined in the usual way as —2.5 log (counts) for consistency. 
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noisy detectors with a count rate more than ~twice the 
mean rate were removed from the analysis dataset. Thirdly, 
the background and other bright sources in the large BAT 
field of view were removed as described in the remainder 
of the paragraph. The BAT background varies with posi- 
tion in the orbit, but averages ~ 8000 cts/sec (15-350 keV) 
for the whole instrument. In addition the low-mass X-ray 
binary Sco X-l was in the field for most observations at a 
flux rate (15-25 keV) ~ 3 times that of GRO J1655-40. In 
some observations the high-mass X-ray binary GX 301-02 
was also cleaned. The most effective subtraction method is 
mask-tagging which uses the BAT tool batmaskwtimg to 
encode every detector with a weighting factor, correspond- 
ing to the fraction of the detector which was exposed to 



the source through the empty cells in the BAT coded aper- 
ture. A detector fully open to the source receives a weight 
of +1 and a fully blocked detector a weight of —1. When 
the BAT histogram is convolved with this weighting matrix, 
nearly all of the contributions from background and extra- 
neous sources are removed. The remaining contamination 
(~2-10 % for this data set) is subtracted by "cleaning". A 
standard background model, that includes variation across 
the BAT detector array, is fit to the data and then removed. 
Similarly, a projection of each bright source through the 
coded aperture is fit to the focal plane and removed in a 
single iteration. Finally, all detectors lying on the projec- 
tion of bright sources through the edge of the coded aper- 
ture were removed from the analysis data set. This last step 
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is necessary because the geometry and absorption of gaps 
in the coded aperture and graded- Z shield near the edges 
are not well-known and hence cannot be well-modelled in 
the response function. The response function was generated 
for each observation using the Swift batdrmgen routine. It 
correctly accounts for disabled and ignored detectors and 
geometric effects when GRO J1655— 40 is not in the centre 
of the BAT field of view. 



2.2 X-ray Telescope 

The XRT data were reduced using version 2.0 of the stan- 
dard Swift software. A number of tasks were performed by 
employing the perl script xrtpipeline, using the default pa- 
rameters as described in the XRT users' manual 1 . The pro- 
cessing steps include identifying bad pixels or bad columns, 
performing coordinate transformations, time-tagging and re- 
construction of events, computation of the pulse height anal- 
ysis and pulse invariant values and elimination of frames af- 
fected by partially exposed pixels. The data were processed 
using the default good-time-interval screening parameters, 
the criteria for which are grade-selection plus the removal 
of calibration sources, bad pixels (dead, hot and flicker- 
ing) , pixels below the event threshold for Earth- limb screen- 
ing, saturated pixels, partially exposed pixels and telemetry- 
saturated frames (again, see the XRT users' manual for ad- 
ditional information). 

The XRT observations took place in one of two observ- 
ing modes which have been optimised for gamma-ray burst 
follow-up and rapid telemetry. The Low-Rate Photodiodc 
mode (LrPD; Burrows et al. 2005, Hill et al. 2004) is used 
for the brightest sources and has a time resolution of 10/isec. 
This mode provides no spatial information and, instead, the 
image is condensed to a single pixel, from which the spec- 
trum of the source is extracted. Background-subtraction is 
therefore currently only possible by extracting a spectrum 
from the slew data preceeding each pointed observation. 
While this provides adequate subtraction of the background, 
there are residuals in the regions of 5.5-7.0 keV due to the 
iron calibration sources in the camera. We therefore urge 
caution at over-interpretation of any narrow-band spectral 
features in this range at the current time. The Windowed 
Timing (WT; Burrows et al. 2005, Hill et al. 2004) mode has 
a time resolution of 1.8 msec and provides one-dimensional 
spatial information. It is therefore possible to extract a back- 
ground spectrum from the one-dimensional image without 
leaving residuals in the iron-line region. An extraction win- 
dow of 20 pixels (47") was used for the source-spectrum, 
with an additional extraction-window of 35 pixels on either 
side of the source for the background. The background re- 
gions were positioned either side of the source so as to ensure 
an evenly-sampled background. We note that the WT mode 
was used for some of the later observations due to damage 
to the CCD detector by a micro-meterorite, resulting in the 
loss of the LrPD mode (Abbey, Stevenson & Ambrosi 2005) . 
Consequently, comparison of these later WT data with the 
expected one-dimensional WT PSF (Moretti et al. 2005) 
showed that the central part of the PSF was affected by 
pile-up. In order to correct for this effect, we excluded data 

1 http://www.swift.ac.uk/proc_guide.shtml 



within a box of length 4 pixels (9.45 ") centered on the cen- 
troid of the (1-D) PSF. 

In all cases, the spectra were extracted from the events 
files using the xselect software, binned to 30 counts us- 
ing GRPPHA and loaded into xspec (Arnaud 1996) for 
model-fitting. We used version 7 of the response matrices 
and created individual ancillary response files (ARF) using 
xrtmkarf. In the case of the piled-up spectra, the PSF cor- 
rection is applied directly to the ARF, again by xrtmkarf. 
The energy-resolution of the XRT is FWHM~ 142 eV at 
5.96 keV. 



2.3 Ultraviolet /Optical Telescope 

Several observations of GRO J 1655-40 were taken with 
the UVOT in the six different filters - V (5460 A), 
5(4350 A), U (3450 A), UVWl (2600 A), UVM2 (2200 A) 
and 1/1/1^2(1930 A). A gain, the data were processed us- 
ing the standard Swift software. Some data were taken in 
"event-mode" in which the time and detector position of 
each photon are recorded; others were taken in "imaging- 
mode" , in which the image is accumulated on-board to con- 
serve telemetry volume, discarding the photon timing infor- 
mation within an exposure. Event-mode data were screened 
for standard bad times e.g. South Atlantic Anomaly pas- 
sage, Earth-limb avoidance. These files contain values for 
corrected detector and sky coordinates. Images were ex- 
tracted from the event mode data using xselect. Image- 
mode data were screened for bad times, corrected for Mod-8 
noise and had their sky coordinates determined. For both ob- 
serving modes the coordinates of the resulting images were 
corrected for the ~ 5"uncertainty in the aspect of the space- 
craft pointing. A number of images were taken with UVOT 
with typical exposure times ranging from 2 to 200 seconds 
for the optical filters and 70 to 700 seconds for the UV fil- 
ters. In order to improve the signal to noise ratio, we have 
summed each set of observations for each filter using the 
Swift task uvotimsum. Aperture photometry was performed 
on the images using GAIA (the Graphical Astronomy and 
Image Analysis tool produced by the Central Laboratory of 
the Research Councils, UK) using an aperture of ~ 2.5" ra- 
dius. Background subtraction was performed using counts 
extracted from a larger region (2-3 times the radius of the 
source-aperture) off-set from the source position. The mea- 
sured counts per second were converted to magnitudes using 
the preliminary zero-points, measured in orbit. 



3 LIGHTCURVES 

Lightcurves for the three Swift instruments are plotted in 
Fig. 1, along with the public RXTE/ ASM lightcurve for 
comparison. The X-ray points are measured in count-rates 
and the optical/ultraviolet in magnitudes. All three plots 
clearly show significant and complex variabilty; in particu- 
lar both X-ray plots display a sequence of peaks taking place 
on various timescales. 

Despite the outburst alert coming from soft (2-10 keV) 
X-ray observations using the RXTE/PCA, the source ini- 
tially became active in the hard X-rays (14-150 keV), rising 
to a sharp peak. It then decayed and entered a "plateau 
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Figure 1. Lightcurves showing the 2005 outburst of GRO J1655— 40. The BAT (15-50 keV) data is plotted in the top panel, with 
an inset panel enlarging the period MJD 53449-53499. The middle panel shows the RXTE/ ASM data (+) with the XRT pointed 
observations overplottcd (•). The UVOT photometry is plotted in the bottom panel, the filters indicated as shown in the key. We discuss 
the high levels of variability and correlation in the text. Approximate durations of each spectral state are indicated (LHS=Low/hard 
state; HSS=High/soft state; VHS= Very high state). 
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Figure 2. The RXTE/ASM lightcurve plotted with the 100-150 keV / 14-25 keV (second panel down), 0.5-3 kcV / 3-9.5 kcV (third 
panel down, solid points) and 3-10 keV / 1.5-3 keV (third panel down, open points) hardness ratios for the BAT, XRT and ASM 
respectively. The bottom panel shows the B — V and UVW1 — V optical/ultraviolet colours. 



phase", during which there was continued low- level vari- 
ability for approximately one month (inset plot in Fig. 1). 
The source then rose steeply and entered a period of dra- 
matic variability for ~ 3 weeks, reaching a maximum flux of 
~ (2-3) xl0 _8 ergcm~ 2 s _1 . While initial inspection might 
suggest similar behaviour in the soft X-rays, closer inves- 
tigation reveals this not to be the case. The first peak of 
the soft X-ray lightcurve was delayed by approximately one 
week relative to the hard X-rays. It then decayed steeply 
and, rather than enter a plateau phase, started a long pe- 
riod of gradual brightening. The soft X-ray source also then 
entered a much brighter and more variable phase; again, the 
peak initially took place in the hard X-rays but this time 
with a delay of approximately one day. The time-sampling 
of the Swift observations does not allow detailed study of 
the variable phase but the BAT and ASM data show that 
at least three peaks occured. 

The optical and ultraviolet data show very different be- 
haviour from the X-ray. While of a lower time-sampling, it 
nonetheless appears that the source rose slowly from quies- 
cence (the first V-band point is approximately equivalent to 
quiescence) by nearly 2 magnitudes in the V-band. The gra- 
dient remained approximately constant, with no deviation 
despite the rise and decay of the initial X-ray peak during 



this period. A peak of V ~ 15.3 magnitudes was reached 
and ROTSE data obtained by Smith (2005) showed a flat 
optical lightcurve during the following period of gradually- 
rising soft X-ray flux. Once the X-ray lightcurves entered 
the more variable phase, there was a marked drop in the 
optical/ultraviolet flux, as also shown by Smith (2005) and 
in the infrared by Buxton & Bailyn (2005). 

The three phases of the lightcurve (initial peak, gradual 
rise, bright/variable) have already been identified in the lit- 
erature as being associated with the "canonical" low/hard, 
high/soft and very high states of black hole transients 
(Homan 2005; Homan et al. 2005). The dates of the respec- 
tive transitions are approximately March 11 (MJD 53440) 
for the LHS-HSS and May 11 (MJD 53501) for the LHS- 
VHS, as indicated in Fig. 1 by vertical dashed lines. 

We replot the RXTE/ASM lightcurve in the top panel 
of Fig. 2 for comparison with the X-ray hardness ratios and 
optical/ultraviolet colours. The second panel shows the BAT 
hardness ratio (100-150 keV / 14-25 keV), the third panel 
shows the RXTE/ASM (3-10 keV / 1.5-3 keV) and XRT 
(3-9.5 keV / 0.5 - 3 keV) hardness ratios. Two optical/UV 
colours are plotted in the bottom panel. It is clear, from 
the ASM hardness ratio, that the spectrum was initially 
hard and then softened at the beginning of the first low en- 
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ergy X-ray peak. It then hardened slightly before remaining 
approximately constant until the period of high variability. 
During this "very high state" there appears to be a phase of 
"temporary hardening" in the ASM hardness ratio. Similarly 
there appears to be an additional temporary hardening on 
MJD 53525 which features in the ASM and XRT hardness 
ratios; there is no obvious corresponding feature in the 2-10 
keV lightcurve but Fig. 1 shows that there was a hard X-ray 
flare at this time. The signal-to-noise of the BAT hardness 
ratio renders any variability less convincing, but there is a 
clear BAT softening during the initial soft X-ray peak, co- 
incident with the onset of the high/soft state. There also 
appears to be a softening of the BAT data 2-3 days prior 
to the the largest soft X-ray flare, which took place on MJD 
53508. There is additional possible variability in the ASM 
hardness ratio during the high/soft state which may be re- 
lated to the small-scale variability observed by the BAT at 
this time. Finally the two low energy X-ray hardness ratio 
plots show a gradual softening following the return to the 
high/soft state and gradual decay of the X-ray flux. 

As with the lightcurves, the UVOT colours seem to 
show little correlation with the X-ray plots. They appear 
to become slightly bluer at the time of the very high state 
but more points would be needed to be sure. 

We investigate the spectral properties of the three states 
in more detail in Section 5. 
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Figure 3. BAT count rate plotted against the ASM count rate 
for the two sections of the lightcurves suggesting correlated be- 
haviour. The BAT lightcurves were first shifted by seven days 
and one day for the two sections respectively to compensate for 
the soft X-ray delay. The first period is MJD 53440-53470 (ini- 
tial peak), and the second is MJD 53498-53549 (very high state 
and its decay). The Spearman rank correlation coefficients (p) for 
these two periods are 0.58 and 0.69 respectively. When the two 
sections of data are combined, the overall correlation coefficient 
is 0.66. All values of p arc to > 99% confidence. 



4 CORRELATIONS 

In Section 2 we suggested that there was some degree of 
correlated behaviour between the lightcurves. In order to 
test this further, we have taken two sections of the X-ray 
(BAT and ASM) data. The first spans the time of the initial 
X-ray peak and the second spans the time of the very high 
state (and its subsequent decay). These periods correspond 
to MJD 53440-53470 and MJD 53498-53549 for the ASM 
data. The BAT lightcurve was shifted seven and one days 
for each section respectively to compensate for the soft X- 
ray delay. In Fig. 3 we plot the BAT count rate against 
the ASM count rate and calculate the Spearman rank order 
correlation coefficient (p) for these two sections of data, both 
individually and combined. Values of p are listed on the 
plot and fall in the range 0.6-0.7 (to > 99% confidence), 
suggesting a significant correlation at these times. 

5 SPECTROSCOPY 

5.1 Burst Alert Telescope 

Pointed BAT observations were obtained on 17 occasions, 
as well as the continued monitoring when GRO J1655— 40 
was serendipitously in the large field of view. The BAT data 
were collected in "survey mode", in which events during a 
survey interval are accumulated in histograms with 80 en- 
ergy channels. The time-resolution for these observations is 
the survey interval duration, which was typically either 300 
sec or 450 sec. In order to improve statistics, all survey his- 
tograms for a given spacecraft pointing are added together 
before fitting. We fit the resultant spectra with a simple 
power-law in the 14-150 keV range. This model provides a 
reasonable fit to some of the spectra, although others were 



too faint for the statistics to be reliable. Interestingly, GRO 
J1655— 40 is detected in the hard X-ray regime during each 
of the three X-ray spectral states. The photon indices were 
mainly in the range ~ 2.0 — 2.4 although we discuss this fur- 
ther in Section 5.3. The BAT energy resolution is ~ 5 keV 
at 60 keV. 

5.2 X-ray Telescope 

Fig. 4 shows three of the XRT spectra, one for each of 
the three spectral states observed. The top panel shows 
the low/hard state spectrum from MJD 53435, the middle 
panel presents the high/soft state spectrum from MJD 53470 
and the bottom panel presents the very high state spectrum 
from MJD 53505. The low/hard state spectrum has been fit 
with a simple absorbed power-law plus Gaussian; the other 
two spectra have been fit with an absorbed multicolour disc 
blackbody (diskbb in xspec) in addition to the power-law. 
We note that these are standard phenomenological models 
for the respective spectral states, not a suggestion that these 
are necessarily the best physical models. Fit parameters are 
listed in Table 5. 

These models provide reasonably successful fits for the 
three observations plotted. The power-law model used to 
fit the initial low/hard state observation yields a photon 
index of 1.72 ± 0.03, consistent with quasi-simultaneous 
RXTE/PCA observations (Homan 2005) and also consis- 
tent with the photon index expected for the low/hard state 
(McClintock & Remillard 2005). We note that, on rebinning 
the spectrum to 300 counts and comparing the relative 90% 
confidence limits to the line and continuum normalisations, 
it is also possible to include an iron line component of fixed 
width 0.01 keV in the fit at 6.39to;°7 keV. This improves the 
X 2 by 4.6cr, compared with a power-law alone; the equivalent 
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Table 3. Results of fitting a simple power-law model to those BAT spectra bright enough for the fit to be constrained. The 
first two columns list the Observation ID and the date. The next two columns list the power-law photon index and normal- 
isation (in photons/keV/cm 2 /s at 1 keV) values. The following two columns list fluxes in specific BAT energy ranges (values 
Xl0 -10 ergs cm~ 2 s~l) and the final three columns list the values of x 2 > reduced \ 2 an d the number of degrees of freedom. All er- 
rors and upper limits are to within 90% confidence. Prom the low values of xi an d the power-law normalisation, it is clear that the 
signal-to-noise is low at some epochs. The low values of xi are due to the inclusion of the systematic error vector, as detailed on 
http://swift.gsfc.nasa.gov/docs/swift/analysis/bat_digcst.html 



Obs. ID 


MJD 


Photon 


PL 


15-25 keV 


15-350 keV 


X 2 


xi 


D.O.F 






Index 


Norm. 


Flux 


Flux 
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.5 


1 


,J -0.10 


19+222 
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5 8+2-1 


70 0+21 
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1 


55+°,'" 

-0.13 


17+"'" 
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5 3+2'! 
-0.7 


65 0+2 •? 
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9005a 
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.1 


1 


93+0.18 
" -0.18 


44+2' 4 l 
u ' -0.21 


4 3+2'! 

-0.7 


29 7 +J !'2 

1 -4.8 
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53449 


.2 


1 


83+2' 4 2 

— 0.38 


0.15+2? 4 

" — 0.18 


2.0+21 
-0.6 


15.1+I' 2 

-5.0 


9007a 


53450 


.2 





79+i?. 8 

' ' -3.79 


< 0.70 


< 2 5 


17 7+?!'2 

11 -15.4 


9007c 


53450 


.3 


3 


90+1.78 
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< 1.9 x 10 3 


2.61J;, 


5.9l 5 3 | 


9008a 


53456 


.4 


5 


cq+4.47 
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1 4+ 4 ' 3 
1 -^-l.l 


9008c 


53456 


.5 







< 1.7 x 10 7 
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0.4l 23 2 4 
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53456 


.6 


9 




< 1.7 x 10 7 


< 0.7 


0.4l 3 ° 2 8 


9010a 


53463 


.7 


7. 


48+2-52 
'+ s -8.07 


< 3.5 x 10 7 


1 - 1 -0.6 


1 1+0.9 


9011a 


53470 


.5 


4. 


91 +5.79 
zl -2.24 


< 1.3 x 10 7 


1 c+0.6 


9 9+1.9 
Z - Z -l.l 


9014a 


53494 


.0 





c-o+9.47 
°°-3.46 


< 1.0 x 10 7 


i-o±8:i 


1.41-1 


9015a 


53504 


.4 


2. 


oq+0.14 


o .q+2.30 


11-911:1 


51-41H 


9015b 


53504 


.4 


2. 


00+O.I6 
/S -0.15 


3.8S+H] 


13.9+H 


61.412J 


9017a 


53506 


.5 


2. 


yo + 0.08 

'■ 3 -0.08 


46 n+ 15 - 82 


43.51 2 ; 7 


125.9111 


9018a 


53511 


.4 


2 


qo+0.13 
.ao_ 12 


6.20l 3 '2j 


16.6ll' 4 4 


65.8lt| 


9018b 


53511 


.5 


2 


o 7 +0.11 
°'-0.11 


6 17+ 309 

°- 1 '-2.04 


16.71H 


66.611 4 


9019a 


53512 


.3 


2 


, 7+0.15 


2 00+ 1 ' 43 
z ' uu -0.83 


10.011; 2 


49.9l5 ; g 


9019b 


53512 


.4 


2 


1-+0.18 
lo -0.17 


1 58+ 1 ' 40 


8 4+1-1 
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53512 


.9 


2 


ocr+0.18 
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10.0+II 
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.2 


2 
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.1 


2 
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.1 
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10+0.13 
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1 90+ 1 ' 19 
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62.6±« : | 
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.1 


2 
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61.0l 4 'i 
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.1 


1 


91+0-21 

y -0.21 


0.321°;?? 


n c + 0.6 

• > -°-o.6 


94 4+ 4 - 5 



22.01 


0.37 


59 


35.97 


0.61 


59 


34.41 


0.58 


59 


36.37 


0.62 


59 


35.01 


0.59 


59 


9Q OO 

zo.yy 


n a 
u.4y 


oy 


42.14 


0.71 


59 


44.67 


0.76 


59 


37.70 


0.64 


59 


35.44 


0.60 


59 


33.32 


0.56 


59 


42.67 


0.72 


59 


36.05 


0.61 


59 


39.96 


0.68 


59 


41.13 


0.70 


59 


28.00 


0.47 


59 


29.89 


0.51 


59 


38.11 


0.65 


59 


52.01 


0.88 


59 


37.92 


0.64 


59 


23.19 


0.39 


59 


47.79 


0.81 


59 


36.51 


0.62 


59 


24.99 


0.42 


59 


37.32 


0.63 


59 



width of this line is 69l 3 g eV (errors are to 90% confidence). 
The photon indices of the subsequent spectra are much less 
well-defined; this is not surprising since the majority of the 
(now higher) flux is contained in the black-body disc com- 
ponent. There was also a problem with the XRT calibration 
at the high-energy end of the spectrum, resulting in nega- 
tive photon indices for some observations; in these cases we 
lower the upper energy limit to 7.5-8.0 keV. However, the 
high/soft and very high state observations yield disc tem- 
peratures predominently in the range 1.3-1.5 keV, as ex- 
pected for these two spectral states and in agreement with 
the RXTE (Homan et al. 2005). The LrPD-mode fits are also 
affected by contamination by the calibration sources in the 
5.5-7.0 keV range. However, preliminary detailed analysis of 
the background suggests that, during the high/soft and very 
high states, absorption features are present at 6.78 ± 0.03 
and 7.07 ± 0.03 keV. We note that this is consistent with 
the results of Ueda et al. 1998. Furthermore, rebinning of 
the later WT spectra (during the second high/soft state) to 
300 counts also reveals the presence of an absorption line, 
this time at the lower energy of 6.4-6.6 kev but still with sig- 
nificance of > 4a. We save further line analysis for a future 
work. 



5.3 Broad-band spectra 

The power-law spectral components of the low/hard and 
very high states have been distinguished in terms of their 
relative steepness and high energy cut-off values. The hard 
state is expected to exhibit a photon index of ~ 1.7, up 
to 100 keV; the very high state does not show such a cut- 
off, its significantly steeper spectrum (~ 2.5 — 3.0) instead 
extending to MeV values, hence the alternative name "steep 
power- law state" (McClintock & Remillard 2005). 

The power-law indices obtained by fitting the XRT and 
BAT spectra together are consistent with these values and 
are listed in Table 5. During the high/soft state the photon- 
indices appear softer (as we would expect), although the 
spectrum appears to harden during the very high state. 
However, we recommend some caution in interpreting these 
results since the parameters listed in Table 5 are, in some 
cases, perhaps more representative of the lower signal/noise 
and the need for improved calibration than the true fit qual- 
ity. Interestingly, the combined XRT-BAT photon indices 
show steeper spectra than the BAT alone, possibly indi- 
cating curvature; improved calibration, particularly at the 
high energy of the XRT range, would be needed to confirm 
this. Plots showing one spectrum for each spectral state are 
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Table 4. Results of fitting simple spectral models to the XRT data. We restrict the fits to 0.7-9.6 keV because the spectral response 
outside this range is not yet completely optimized and is presently under investigation. However, we note that calibration uncertainties 
in the high energy region of the spectrum in some cases resulted in "negative power-law slopes" ; we therefore further restrict the upper 
energy limit, resulting in fits from 0.7 to 7.5 or 8.0 keV for these observations (*) and find that the power-law parameters are less 
well-constrained. The first observation (in the low/hard state) is fit with an absorbed power-law, plus a Gaussian of fixed width 0.01 
keV; subsequent observations (in the high/soft or very high states) are fit with an absorbed power-law plus a multicolour disk blackbody 
(diskbb in xspec). All errors and upper limits are to within 90% confidence. An iron line is detected in the low/hard state observation, 
positioned at 6.39l2'2 7 keV, with equivalent width 69l 3 g eV (to 90% confidence) and improving the fit by 4.6a compared with an 
absorbed power-law alone. 
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1 
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1 
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PL 
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9 91 +0.26 
Z - zl -0.18 


4 46+ 1 ' 36 
4 -™-0.56 


1 


4 o+0.04 
'^°-0.04 


4481 2 ? 


1099.4 


1.33 


827 


00030009015 


PL 


+ BB 
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PL 
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Table 5. Results of fitting simple spectral models to the combined BAT and XRT data. Errors and upper limits are to 90% confidence. 
The columns are as for Table with the exception of Column 8, which gives the relative normalisation between the XRT and BAT. Again, 
due to calibration uncertainties at XRT high energies resulting in a negative power-law slope, it was necessary to restrict the XRT energy 
range for the observation marked *. 
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Figure 4. Selected XRT spectra (ID 00030009002, 00030009011, 
00030009016) showing the low/hard (top), high/soft (middle) and 
very high (bottom) states. The low/hard state spectrum has been 
fit with an absorbed power-law plus iron line of fixed width 0.01 
keV. This iron line has energy 6.39^° ^ keV, equivalent width 
69^3g eV (to within 90% confidence) and improves the fit by 
4.6<r compared with an absorbed power-law alone. The two softer 
spectra have been modelled with an absorbed power-law plus mul- 
ticoloured disc blackbody (diskbb in xspec). We emphasize that 
the "features" seen around 6-7 keV in the LrPD spectra are pos- 
sible artefacts due to the calibration sources in this mode; further 
analysis of this region will be performed once improved back- 
ground spectra can be obtained in the future. However, prelim- 
inary improvement of the background suggests that, during the 
high/soft and very high states, iron absorption lines are present 
at 6.782 ± 0.031 keV and/or 7.065 ± 0.029 keV, consistent with 
Ueda et al. 1998. Fit parameters are listed in Table 5. 



shown in Fig. 5; we note that we have rebinned the BAT 
spectra to a significance of > 2a for each plot. 

For completeness we also plot a sample UVOT-XRT- 
BAT spectrum in Fig. 6. Future work will include detailed 
fitting of the broad-band spectral energy distribution in the 
more physical i^J^-space, once improved calibration is avail- 
able. 




channel enenqy (keV) 




High/Soft State 



channel enerqy (keV) 

Figure 5. Selected BAT-XRT spectra (ID 00030009002, 
00030009020, 00030009025) showing the low/hard (top), very 
high (middle) and high/soft (bottom) states and plotted in 
E*E*f(E)-space (corresponding to vF v ). They have been fit with 
a power-law and, in the latter two, an additional disc blackbody 
(diskbb in xspec). Fit parameters are listed in Table 5, although 
we note that the BAT spectra have been rebinned to a significance 
of > 2(7 in order to improve the plots. 



6 DISCUSSION 

If we compare the lightcurve morphology of the 2005 out- 
burst of GRO J1655— 40 with outbursts of previous "soft X- 
ray transients" then we might be tempted to conclude that 
there was something strange about it; there is little evidence 
for the Fast Rise Exponential Decay (FRED) often consid- 
ered canonical for "soft X-ray transients" (e.g. Lasota 2001 
and references therein). However, not only have the major- 
ity of recent well-sampled lightcurves not shown the FRED 
morphology, the spectral evolution of the outbursts has been 
comparable with the current outburst of GRO J 1655— 40. 

The recent Swift and RXTE observations have shown 
that GRO J1655— 40 first rose from quiescence and en- 
tered the low/hard state. It then softened and entered the 
high/soft state for a few weeks, before becoming brighter 
and more variable and reaching the very high state. The 
very high state appeared to be associated with brief phases 
of temporary hardening. 
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This spectral behaviour has been observed in other ob- 
jects and seems to be a much more predictable feature than 
the lightcurve morphology. XTE J1550— 564 is an interest- 
ing source for comparison with GRO J1655— 40 since both 
have shown multiple outbursts, have been well-monitored 
throughout each of the spectral states and have been ob- 
served to eject jets with apparent superluminal motion 
(e.g. Homan et al. 2000; Sobczak et al. 2000; Corbel et al. 
2001; Hannikainen et al. 2001 and references therein). The 
lightcurve morphologies, on the other hand, have been much 
less comparable; the spectral information is essential. 

In particular the initial low/hard state was studied by 
Brocksopp et al. (2002a, 2004) and has been shown to be 
present in outbursts of all objects for which early data was 
obtained; evidence for the flat-spectrum, compact jet as- 
sociated with the low/hard state was also found in each 
case that data were available. The duration of this state 
varies from source to source; a few days is typical, although 
XTE J1650— 500 remained hard for ~ 1 month before soften- 
ing and some sources have remained hard throughout their 
outbursts (Brocksopp et al. 2004). Regardless of when the 
softening takes place, the initial low/hard state occurs with 
such consistency that its role should be considered vital to 
our understanding of the outburst trigger and mechanism. 

Interestingly the 1996 outburst of GRO J1655-40 
seemed to be a possible exception to the otherwise almost 
ubiquitous initial low/hard state. It was notable for its very 
soft rise, with an optical precursor and delayed hard X-rays 
relative to the soft X-rays (Hynes et al. 1998; Orosz et al. 
1997). This was very different behaviour from either the first 
observed outburst in 1994, or the current activity. However, 
as there was only an interval of ~ 8.5 months between the 
end of the 1995 activity and the 1996 rise, we do have to 
consider whether or not they were truly independent out- 
bursts. The 1994 outburst was indeed hard at the onset, 
although the lack of soft X-ray monitoring makes it difficult 
to compare in detail. 

The periods of temporary hardening have also been ob- 
served previously, although not as consistently as the initial 
low/hard state. XTE J1859+226 was a particularly good 
example since the temporary hardenings took place on a 
generally softening spectrum and simultaneously with radio 
ejections (Brocksopp et al. 2002a). Observing coverage has 
not generally been sufficient to see whether we should always 
expect radio ejections simultaneously with X-ray temporary 
hardenings during the very high state. We save this discus- 
sion for subsequent multi-observatory analysis. 

The quasi-correlated behaviour between the hard and 
soft X-rays of the 2005 outburst and the lack of correlation 
between the optical/ultraviolet and the X-ray lightcurves 
can possibly be interpreted in terms of the two separate 
components which are generally used for interpretation of 
the spectra: 

(i) An accretion disc component which brightens 
smoothly during the rise of the outburst and then drops 
once the source reaches the very high state, providing the 
optical/ultraviolet lightcurve and the gradually-rising part 
of the soft X-ray lightcurve. This is presumably related to 
the disc black-body component, typically used when fitting 
the X-ray spectrum. 

(ii) A jet and/or corona component which becomes active 



o t 
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Figure 6. Sample broad-band UVOT-XRT-BAT spectral en- 
ergy distribution (ID 00030009019) included for completeness. 
Detailed fitting of the complete SED is beyond the scope of this 
paper but will be performed at a later date with improved cali- 
bration. 



at the onset of the outburst, peaks and decays and then re- 
brightens suddenly, resulting in the very high state. Again, 
this is presumably related to the power-law component (ei- 
ther synchrotron or Comptonisation model), typically used 
when fitting the X-ray spectrum. 

Such a model could then explain the apparent lack 
of correlation between the hard X-ray, soft X-ray and 
optical/UV frequency regimes, although the often-cited 
"disk/jet/corona" connection is still vital in providing the 
link between the two components (for example producing 
the drop in optical/ultraviolet flux during the very high 
state). The apparent absence of the expected FRED-shaped 
lightcurve could also be explained - it is present but at 
times is dominated by the non-thermal, non-FRED compo- 
nent. The lightcurves of the 1996 outburst suggest a similar 
scenario, although with the exception that (as already dis- 
cussed) the accretion disc component became active before 
the jet/corona component. This could explain why the 1996 
soft X-ray lightcurve showed a rise and only slight decay 
while the optical emission rose and decayed, but then re- 
brightened once the hard X-rays and radio source became 
active. In further support of this speculative model we note 
that an increase in flux via a thermal mechanism would 
be expected to take place at progressively higher frequen- 
cies (an "outside-in" outburst), as observed by Orosz et al. 
(1997). However, jet models predict the opposite behaviour 
(e.g. Blandford & Konigl 1979; Brocksopp et al. 2002b), 
consistent with the delayed soft X-ray emission observed in 
both the 1996 and 2005 outburst of GRO J1655-40. We also 
note that Rupen et al. (2005c) report a radio peak on MJD 
53494.5, prior to the X-ray peak; clearly the situation is 
more complicated, requiring detailed radio/X-ray analysis. 



7 CONCLUSIONS 

Swift observed the 2005 outburst of GRO J1655-40, us- 
ing all three of its instruments, and monitored the evolu- 
tion of the source through the low/hard, the high/soft and 
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very high spectral states. The spectra were modelled with 
an absorbed power-law and (for the two softer states) an 
additional multicolour disc black-body component; the pa- 
rameters were typical for these "canonical" states. The in- 
clusion of an iron line in the low/hard state spectrum im- 
proved the fit by 4.6a, although whether the line is a feature 
of the low/hard state alone or just dominated by the black- 
body in the softer states is currently unclear. The lightcurves 
showed that the high energy X-ray flux peaked before that 
of the soft X-rays and that there was no apparent correla- 
tion between the X-ray and optical/ultraviolet behaviour. 
We suggest that the soft X-ray lightcurve is a composite 
of emission contributions from a thermal component, corre- 
lated with the optical/ultraviolet, and from a non-thermal 
component, correlated with the hard X-rays. Such a model 
may also be consistent with the soft X-ray delays observed 
during both the 2005 and the 1996 outbursts. 
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